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We study growth rate of product of sets in the Heisenberg group over finite
fields and the complex numbers. More precisely, we will give improvements
and extensions of recent results due to Hegyvari and Hennecart (2018).

1. Introduction

Let [, be an arbitrary finite field with order g = p” for some positive integer r and
an odd prime p. For an integer n > 1, the Heisenberg group of degree n, denoted
by H,(F,), is defined by a set of the following matrices:

[x,y,z]:=

o o~
o~ ®

Z
yl
1
where x, y € [FZ, z €y, y' denotes the column vector of y, and I, is the n x n

identity matrix. For A C [y, E, F C [FZ, we define

[E, F,A]l:={[x,y,z]l: x€ E,ye F, z€ A},
and

[E, F, Al[E, F, Al:={[x, y,z]-[x, y',Z']: [x, y, 2], [x', y', Z'T € [E, F, Al},

Over recent years, there is an intensive study on growth rate in the Heisenberg
group over finite fields and applications. Hegyvari and Hennecart [2013] proved a
structure result for bricks in Heisenberg groups. The precise statement is as follows.

Theorem 1.1 [Hegyvari and Hennecart 2013]. For every € > 0, there exists a
positive integer no(€) such that for all n > no(¢) and any sets X;,Y;, Z C [,
ieln], X = l—[?:1 X C [F';,, Y = H?:l Y, C [F';,, if

(1) X, Y, Z]| > |H,(F)[/**,
then [X, Y, Z1[X, Y, Z] contains at least |[X, Y, Z]|/ p cosets of [0, O, [F,].
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It follows from the proof of Theorem 1.1 in [Hegyvari and Hennecart 2013] that
€ = O(1/n). In a very recent work, Shkredov [2020] obtained the following theorem
which improves the relation between € and n in the specific case when sizes of sets
Xi,Y;, Z are comparable.

Theorem 1.2 [Shkredov 2020]. Let n > 2 be an even number, and X;,Y;, Z C [,
ien], X= ]—[;’:1 X; C [F’I’,, Y= ]_[?:1 Y, C I]:’;, such that X;, Y; have comparable
sizes. Set X =max; |X;| and Y =max; |Y;|. If |Z| < XY, X <|Z|Y,Y <|Z|X and

2—n/2

XYy
S e (XY
2) XYz p (p|Z|1/2) :

then [X,Y, Z1[X, Y, Z] contains at least |[X, Y, Z]|/ p cosets of [0, O, F,].

Suppose that X; =Y; = Z for all 1 <i, j <n. Then it follows from Theorem 1.2
that [X, Y, Z][X, Y, Z] contains at least [[X, Y, Z]|/p cosets of [0, O, F,] under
the condition | Z| > p3/4+1/@"**=12) 'which improves the threshold p3/4+0(1/m of
Theorem 1.1. Moreover, Shkredov [2020] gives an introduction to representation
theory which is good for products of general sets in the affine and in the Heisenberg
groups.

Throughout this paper, we use X < Y if X < CY for some constant C > 0
independent of the parameters related to X and Y, and write X > Y for ¥ < X.
The notation X ~ Y means that both X < Y and ¥ « X hold. In addition, we use
X <Y to indicate that X < (log, Y Y'Y for some constant C’ > 0.

It is worth noting that there is an interesting application of products of sets in
the Heisenberg group to so-called models of Freiman isomorphisms; see [Hegyvéri
and Hennecart 2012]. Moreover, it has been indicated in [Tao and Vu 2006, §5.3]
that any set in the Heisenberg group with the doubling constant less than two does
not have any good model.

It is well-known that there is a connection between the sum-product phenomenon
and growth in the group of affine transformations, for example, see [Rudnev and
Shkredov 2018]. Such a connection has been discovered in the setting of Heisenberg
group by Hegyvari and Hennecart [2018]. More precisely, in the case n = 1, using
sum-product estimates, they proved that if A C [, with [A| > p'/2, then

(3)  I[A, A,0][A, A, 0] > min{p'/?|[A, A, 01"*, p~'/?|[A, A, 0]}
When the size of A is not too big, the authors obtained the following.

Theorem 1.3 [Hegyvari and Hennecart 2018]. Let A be a set in [F,. Suppose that
|A| < p*/3, then we have

I[A, A, O][A, A, 0] > |[A, A, 0]]7/%.
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Notice that the method in the proof of Theorem 1.3 can be extended to arbitrary
finite fields, and as a consequence, we obtain the following.

Theorem 1.4 [Hegyvari and Hennecart 2018]. Let A be a set in F,. Suppose that
|A| > g*/3, then we have

I[A, A, O][A, A, 0] > ¢q|[A, A, O]].

Note that the lower bound in Theorem 1.4 is stronger than that of (3).

The main purpose of this paper is to give improvements and extensions of
Theorems 1.3 and 1.4 in the setting of arbitrary finite fields [, and the complex
numbers C.

In our first theorem, we will show that Theorem 1.4 can be improved in the case
where the additive energy of A is small.

Theorem 1.5. Let A be a set in F,. Let AT (A) be the number of quadruples
(a,b,c,d) € A* such that a + b = ¢ +d. Suppose that At (A) < |A]>/K for some
K >0and|A| > K1/3q2/3, then we have

I[A, A, O][A, A, 0]| > Kq|[A, A, 0]|.
Our next theorem is an extension of Theorem 1.4 in the setting of H,([F,) for any
n>1.
Theorem 1.6. Let E be a set in F. Suppose that |E| > q"/** V4 then we have
I[E, E,Ol[E, E,O0]| >qI[E, E, 0]].

Notice that in general the conclusion of Theorem 1.6 is sharp, since E can be a
subspace in [, which implies that [E, E, O][E, E, 0] C [E, E, [F;]. Moreover, the
exponent %n + % can not be decreased to %n, since, supposing that ¢ = p?, one can
take E = F", which gives us |[E, E, 0][E, E, 0]| < p|[E, E, 0] =q'/*|[E, E, 0]|.

In the setting of prime fields, if E is a set in the plane [Fi, and the size of E is
not too big, then we have the following theorem in Hy ().

Theorem 1.7. Let [, be a prime field with p =3 mod 4, and E be a set in [F?7 with
|E| < p3/3. Then

I[E, E,Ol[E, E, 0] > |[E, E, 0]]"9/13.

When A is a multiplicative subgroup of [*, we are able to show that the exponent
% in Theorem 1.3 can be improved significantly.

Theorem 1.8. Let A be a multiplicative subgroup of ), with |A| < p'/21og p. We
have
I[A, A, O][A, A,0]] > |[A, A, 0]]'51/80,
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In the setting of the real numbers, for any A C R, using a point-plane incidence
bound due to Elekes and Téth [2005] and an energy variant of the sum-product
conjecture due to Rudnev, Shkredov, and Stevens [Rudnev et al. 2020], Hegyvari
and Hennecart [2018] proved that

I[A, A,01[A, A, 0]| 2 |[A, A, 0]/,

In our next theorem, we employ a point-line incidence bound over the complex
numbers due to T6th [2015] and an energy variant of the sum-product conjecture
due to Rudnev, Shkredov, and Stevens [Rudnev et al. 2020] to study an extension
in the setting of the complex numbers.

Theorem 1.9. Let A be a set in C with |A| > 2. We have

I[A, A,0][A, A,0]| > |AP/® =|[A, A, 0]/,

2. Proof of Theorem 1.5

To prove Theorem 1.5, we need to recall a lemma given by the third, fourth, and
fifth listed authors in [Koh et al. 2018].

Let X be a multiset in [Ffl” x 4. We denote by X the set of distinct elements
in the multiset X. The cardinality of X, denoted by |X|, is ) .5 mx(x), where
mx (x) is the multiplicity of x in X. For multisets A, B C F;"*!, let N (A, B) be
the number of pairs ((a, b), (c,d)) € Ax B C (Fé” x F,)? such thata-¢=b+d.
We have the following lemma on an upper bound of N (A, B).

Lemma 2.1 [Koh et al. 2018, Lemma 8.1]. Let A, B be multisets in [F;” x [y We
have

B
N B - A

1/2
sq"( Y. mal@ b))’ Y mB((C,d))z) :

(a,b)eA (c,d)eB

Theorem 1.5 is a direct consequence of the following theorem.

Theorem 2.2. For A C [, we have

[1AF glAP
AA AA —_— .
14, A, 01(A, ,0]|>>mm{ PRbcy

Proof. Without loss of generality, we assume that O ¢ A. Let S be the number of
quadruples of matrices (mp, mo, m3, my) in [A, A, 0]* such that mm, = msma.
By the Cauchy—Schwarz inequality, we have

AS
I[A, A, 0% z%.
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To complete the proof, it will be enough to show that

APAT(A
<<| | ()Jr

S qlA] .

In the next step we are going to prove this. Indeed, from the definition of S, we
have that S is equal to the number of tuples (a, b, ¢, d, a’, b’, ¢’,d’) in A® such that

4 at+c=a +/c,
5) b+d=0b+d,
(6) ad =d'd'.

It follows from (4) and (5) thata =a’ + ¢ —c and d’ = b+ d — b’. Substituting
into (6), we obtain

(@+c—c)-d=d-b+d-">).
This implies that

7 d(c'—c)=d (b -D).

In case b # b’, we also have ¢ # ¢/, since 0 ¢ A. In this case, the above equality is

equivalent with
d

b—b
It follows from (7) that if b = b’ then ¢ = ¢/. We note that the number of tuples
(a,b,b,c,c’,d)e A® with b =b" and ¢ = ¢’ is at most |A|*. We now count the
number of tuples with b # b" and ¢ # ¢’. It follows from (4), (5), and (6) that the
number of tuples (a, b, ¢,d,a’, b, c’, d") € A® satisfying these equalities is at most
the number of tuples (a’, ¢, ¢/, b, b’, d) € A® such that

d
bV
Let X be the number of such tuples.

Define P = A x A. Let L be the multiset of lines of the form y=d/(b—b")(x —c¢)
with b+d —b' € A. Ttis clear that |P| = |A|> and |L| = AT(A)|A|. One can check
that X is bounded by the number of incidences between points in P and lines in L.

Let £ be the multiset in [Fé containing points of the form (d/(b—b"), d/(b—Db’)-c)
withb+d — b’ € A and ¢ € A. On the other hand, by an elementary calculation,
we have ), 7 me()? < X|A|, and |£| = |L|. With this new set £, we have
X =N(P, L), where N(P, L) is defined as in Lemma 2.1. Applying Lemma 2.1,
we have

/

a (c'=o).

l
a

(c=c¢) and b+d—-b €cA.

I+
X < [A]"A (A)+q1/2X1/2|A|3/2,
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which implies that

APAT(A
XE—' | . ( )+q|A|3.

In other words, we have

APAT(A APAT(A
S§%+Q|A|3+|A|4<<||q¥+qlz4l3- 0

3. Proof of Theorem 1.6

In order to prove Theorem 1.6, we first prove the following lemma.
Lemma 3.1. Let E be a set in . Let T be the number of triples (v, x, x') e E3
such that v - (x —x’) = 0. Then we have

T<| EP
— +4"|E]|.
q

Before proving Lemma 3.1, we need to review the Fourier transform of functions
on 7. Let x be a nontrivial additive character on [,. For a function f : Fj — C,

the Fourier transform of f, denoted by f , is defined by
fam)y=q™" ) x(—x-m)f(x).

n
xe[Fq

The following Fourier inversion theorem can be easily proved by the orthogonality
relation of x:

f) =" xx-m)fm).

n
me[Fq

S ifm =g 1f @R

n n
me[Fq xe[Fq

It follows that

which is referred to as the Plancherel theorem.
We are now ready to prove Lemma 3.1.

Proof of Lemma 3.1. The number T can be expressed as follows:

T = Z EWEX)E(x)

x-v—x"v=0

EP? 1
ZQJF_Z Y xGsv-(x —xNEME®ER)

q q s#0 v,x,x’e[FZ

'E' ¢ '3 S EGu)PEW).

s#0 vely



ON A THEOREM OF HEGYVARI AND HENNECART 413

Using a change of variables by letting z = sv, we have

|E|? ~ o |EP}
T<—+¢" Y |E@| =—+4"|E|,
q zel] 4
where we used ) _p. |I/£7,'\(z)|2 =q "|E|. O
q

We are ready to prove Theorem 1.6.

Proof of Theorem 1.6. Let S be the number of quadruples of matrices (m 1, m>,
m3, my) in [E, E, 0]* such that mm, = m3my. By the Cauchy—Schwarz inequality,
we have

E 8
[E, E, Ol[E, E, 0]| > %

In the next step, we are going to show that

E 6
s<EL el gEr.
Indeed, as in the proof of Theorem 2.2, we have that S is equal to the number of
tuples (a, b, c,d,a’, b, ¢/, d’) in E? such that

(8) at+c=a +¢,
) b+d=b+d.
(10) a-d=a -d.

It follows from (8) and (9) thata =a’+ ¢ —c and d’ = b+ d — b'. Substituting
into (10), we obtain

(@+c—c)-d=a-b+d->).
This implies that
(11) d-(c'—c)=a-(b-Db).

For any tuples (c, ¢/, b, b’, d, a’) satisfying (11), we have a@ and d’ are determined
uniquely by (8) and (9).
Let A and B be multisets defined as follows:

A={d,-b,d-¢c):b,c,dcE}, B={(,a,—a -b):a b, c eE}.

Let N(A, B) be the number defined as in Lemma 2.1. We have that the number of
tuples satisfying (11) is equal to N (A, B).
To apply Lemma 2.1, we need to estimate ) m_4(x)? and Zyeis mg(y)?.
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We have
Y max)? Y mp(y)® < |EIT,

xeA yeB

where 7T is the number of triples (v, x, x’) € E3 such that v- (x —x) =0.
On the other hand, Lemma 3.1 gives us

EP

Therefore, one can apply Lemma 2.1 with |A| = |B| = | E|? to derive

E L (IEF o0\ E
S< =t g 4 qnIER ) «
q q q

whenever |E| > g +D/4, O

4. Proof of Theorem 1.7

To prove Theorem 1.7, we need to use the following lemmas. The first lemma is a
consequence of the point-line incidence bound due to Stevens and de Zeeuw [2017].
To see a simple proof, see [Lund and Petridis 2018, Theorem 14].

Lemma 4.1. Let P be a point set in I]:f7 and L be a set of lines in Ff,. If |P| < p®P,
then the number of incidences between P and L, denoted by I (P, L), satisfies

(P, L) < [PV L)MS P+ |L).

Lemma 4.2. Let E be a set in F% with p =3 mod 4 and define I1(E) :={a-b:a, b
€ E). If |E| < p®P°, then |TL(E)| > | E|¥/".

Proof. Since p = 3 mod 4, there is no isotropic line in [Ff,. For each a € E, we
denote the set {a-b: b € E} by I[1,(E). Suppose that

max |[1,(E)| =1t.
acE

It is clear that [TT(E)| > maXgaep |I14(E)].
Without loss of generality, we may assume that 0 ¢ E. We now fall into two
following cases:

Case 1: If there is a line passing through the origin with at least m points of E,
then those m points will contribute at least m distinct values to the set IT(E). So,
ITI(E)| > m.

Case 2: Suppose that all lines passing through the origin contain at most m points
of E. This implies that the number of lines passing through the origin and a point
in E is at least |E|/m.
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Let Lo be a set of lines passing through the origin and at least one point from
E such that |Lg| ~ |E|/m. From each line [ in Ly, we pick one point in /[ N E
arbitrarily, and let P be the set of those points. So |P| = |Lg|.

For any point @ = (a1, ap) € E, let L, be the set of lines defined by the equation
a1x +ay =r with r € I1,(E). One can check that the size of L, is the same as
the size of I1,(E). Moreover, we also have that L, = L; when both a and b lie on
aline in Ly, and L, N Ly = & when the a and b are distinct elements of P.

Let L = J,cp La- Since |T1,(E)| <t for any a € E, we have |L,| <t for all
ac E. Thus |L| <|P|t = |Lolt ~ |E|t/m.

Let I (E, L) be the number of incidences between E and L. For each a € P, we
have I (E, L,) = |E|. Thus,

I(E,L)> |E|*/m.
On the other hand, it follows from Lemma 4.1 that
I(E,L) < |E["B(E[t/m)!"" + |E| + |E|t/m.
Hence, we have
|EP/m < |E"S(E|t/m)"'5 + |E| + |E|t/m.

Since |E|?/m > |E| + |E|t/m, solving this inequality for ¢, we obtain ¢ >>
|E|¥/ =411,

Optimizing two cases by choosing m = |E|3/!3, the lemma follows. ]

Proof of Theorem 1.7. We first observe that
LE, E, OI[E, E, 01| > [TI(E)||E*.
It follows from Lemma 4.2 that if |E| < p8/!> then we have

ITI(E)| > |E|¥.
Therefore,

IlE, E,Ol[E, E, 01| > [TI(E)||E|* > |E]?Y/15,

whenever |E| <« p8/13. Since |[E, E, 0]| = |E|?, this completes the proof. [l

5. Proof of Theorem 1.8

In the proof of Theorem 1.8, the following results will be used.

Lemma 5.1. Let A be a multiplicative subgroup of ), with |A| < p'% Let L be a
set of lines in F2, and I (A x A, L) be the number of incidences between A x A and
L. We have

I(Ax A, L) <|AM3 L3,
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Proof. Let T (A) be the number of collinear triples of points in A x A. It has been
shown in [Macourt et al. 2018, Theorem 1.2] that if |A| < p!/2, then we have
T(A) 1A

For any [ € L, let i (/) be the number of points of A x A on /. We have

1/3
I(AxA L)y=Y i) < |L|2/3<Zi<1>3> L LPPT A SIAPILPP,
leL leL

where we used the Holder inequality in the inequality step. (]
The following theorem is given in [Murphy et al. 2017, Theorem 3].

Theorem 5.2. Let A be a multiplicative subgroup of I]:;. Suppose that |A| < p'/?,
then we have
A+(A) S |A|49/20.

We are now ready to prove Theorem 1.8.

Proof of Theorem 1.8. We first repeat the first paragraph in the proof of Theorem 1.5.
Let S be the number of quadruples of matrices (m, my, m3, mq) in [A, A, 014
such that mmy = msmy. By the Cauchy—Schwarz inequality, we have

A 8
14, A, OI[A, A, 0] > %

Thus, to complete the proof, we only need to show that
S <A+ |A|10740,

Let X be the number of incidences between the point set P = A x A and the
multiset L of lines of the form y =d/(b —b')(x —c¢) withb+d —b' € A. Tt is
clear that |[P| = |A|*> and |L| = AT(A)|A|. As in the proof of Theorem 2.2, we
have S < X +|A|*. Hence, it is enough to show that | X| < |A|169/40,

For any line / € L, let m(l) be the multiplicity of /. By an elementary calculation,

> m)* < XAl
leL
where L denotes the set of distinct lines in the multiset L. For k > 1, let L; be the
set of lines / € L (without multiplicity) with k < m(l) < 2k. For any k > 1, we have
kILil <Ll = AT (A)AL KLl < m@D)?* < XAl
leL

Namely, we obtain

.{A+(A)|A| XIAI}
(12) |Li| < min ;

k Tk?
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for every k > 1.
For any line [ € L, let i (/) be the size of /N P. Using Lemma 5.1 and (12), we
have

I(P, L)
= Zm(l)i(l) < Z Z 241 i)
leL I JeL,2i<m(l)<2i+!

=Y 2 I(P, Ly)

i

= > 2 (P, Ly) + > 2 I(P, Ly)

i, 21 <X /(AT (A)) i, 21> X/ (AT (A))
A+<A>|A|)2/3

Z 2i+1 . |A|4/3< .
21

i 2TLSX /(A (4)
+ Y, 2rhgas X|A[N
22i

i, 201> X/ (AT (A))

g Z (2i)l/3|A|2A+(A)2/3 + Z (21.)71/3X2/3|A|2
i, 2IF1<X/(AT(A)) i, 21> X /(AT (A))

<Z( z )1/3|A|2A+(A)2/3+Z( at )_1/3|A|2X2/3
~ AT @A) ~\A%(4)

S X1/3|A|2A+(A)1/3,

N

where we have used the fact that each line in L has multiplicity at most | A|%, which
implies that 2/ < |A|?, so i is at most 2log, |A|.
Since X = I (P, L), we have proved that
X S |A|2X1/3A+(A)1/3,

which implies that X < |A]PAT(A)Y/2. Applying Theorem 5.2, we have X <

|A|199740 \whenever |A| < p!'/2. This completes the proof of the theorem. O

6. Proof of Theorem 1.9

The proof of Theorem 1.9 is quite similar compared to that of Theorem 1.8. More
precisely, we will need the following point-line incidence bound over the complex
numbers due to Té6th [2015].

Theorem 6.1 [T6th 2015]. Let P be a set of points in C* and L be a set of lines in
C2. The number of incidences between P and L, denoted by I (P, L), satisfies

I(P,L) < |PP*P|ILI*3+|P|+|L|.
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Corollary 6.2 [T6th 2015]. Let P be a set of points in C2. For any integert > 2,
the number of lines containing at least t points from P is bounded by

P> |P]
o5 +—).
t t

Using these results, we have the following corollary.

Corollary 6.3. For a set A in C, let T(A) be the number of collinear triples of
points in A X A. Then we have

T(A) SIAN

Proof. Let Lj be the set of lines [ such that 2k < [IN(Ax A) < 2k+1 " Since
[IN(AxA)| <|A|forany !/, we have k <log, |A|. Thus, using Corollary 6.2, we have

log, |A|
T(A)< > Y INAx AP
k=0 leLy
log, |A|
3 |A|4 |A| 3k+3
= Z 23k )
log2 |A] log, |A|
< Y 8lAT+ > 8l ALY,
k=0 k=0
where we have used the fact that 2€ < |A|. O

Lemma 6.4. Let A be a set in C with |A| > 2. Denote by A*(A) the number
of quadruples (a, b, c,d) € A* such that ab = cd. Then the number of tuples
(a,b,c,a’, b, ) e A® such that

alb—c)=d ' —¢)
is S AX(A)2IAP +]A[* <207 (A)2|AP.
Proof. Since |A| > 2, without loss of generality, we assume that 0 ¢ A. We first
have an observation that the number of desired tuples with b = ¢ or b’ = ¢’ is at
most |[A|* < AX(A)!/?|A)? since AX(A) > |A|%.
Let M be the number of tuples with b # ¢ and b’ # ¢’. We have M is equal to
the number of desired tuples (a, b, ¢, a’, b’, ¢’) € A® such that

a b -

a’ b—c '

Using the Cauchy—Schwarz inequality, we have

1/2

by — br —
{(blvcl’ bz, c, b3, C3,b4,C4) EAS: 1 c — 3 C3}

by—cy  bi—cq
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Using the Cauchy—Schwarz inequality one more time, we have

b — b3 —
(b1, c1, by, c2, b3, 3, by, cq) € AB; L L _ 2373
by—cy byi—ca

<|A]*-

by — di —
{(bl,Cl,bz,Cz,dl,dz)eAé; 1—a_4a CIH

by—cy do—co
<|A]*-T(A) SIAP°,

where we have used Corollary 6.3 in the last inequality. Hence, M < A*(A)!/2|A)3.
This completes the proof of theorem. (]

Proof of Theorem 1.9. Without loss of generality, we assume that 0 & A. It has been
proved in [Rudnev et al. 2020] that there exist B, C C A such that |B|, |C| > |A|/3
and

AF(B)-A(O) S 1AM

This implies that AT(B) < |A|'V/* or AX(C) < AN/ If AT(B) < |A|'V/* then
we replace the set A in the Theorem 1.9 by B, otherwise, we replace the set A by
C. Thus, we may assume that either A*(A) < [A|'V/% or A (A) < |A|11/4

The rest of proof of Theorem 1.9 is almost identical with that of Theorem 1.8,
and the last step is to estimate X.

Using Theorem 6.1 and the same argument as in the proof of Theorem 1.8, we
have

X SIAPAT (A2,

On the other hand, using Lemma 6.4, we have
X SIAPAT (A2,

Since either A1 (A) < |A|"4 or AX(A) < |A|'/4) we have

X < |A|3+11/8.
Therefore, |[A, A, 0][A, A,0]] > |AP~ /8 = |A|?/8 = |[A, A, 0])?/1°. This com-
pletes the proof of the theorem. ([
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